1. Acute Liver Failure {#sec1}
======================

Acute liver failure (ALF) is a complex clinical syndrome with rapid deterioration of liver function, generally without preexisting diseases \[[@B1]\]. This condition presents a high mortality rate, of up to 80% in some reports \[[@B2]\], and is usually associated with coagulation disorders and hepatic encephalopathy. ALF can affect other organs, such as brain, kidneys, lungs, bone marrow and the circulatory system, and immune system \[[@B3], [@B4]\]. Therefore, metabolic acidosis, coagulation disorders, and hepatic encephalopathy are quickly established. Intracranial hypertension, the major cause of mortality in ALF patients, is secondary to cerebral edema, which is the center of the process responsible for hepatic encephalopathy. Many etiologies are involved, including viral hepatitis (hepatitis viruses A, B, and E), drug-induced hepatitis, exogenous intoxication, vascular, ischemic or Budd-Chiari syndrome neoplastic infiltration (lymphoma), and fulminant septicemia \[[@B5]--[@B7]\].

Although life-support new therapies are available in Intensive Therapy Centers, mortality remains high. Thus, ALF patients remain largely with no effective therapeutic treatments, including organ transplantation, which is the standard therapy for acute stages of liver disease and the only procedure for hepatic function substitution. Therefore, new sources of biochemically functional hepatocytes and therapeutic treatments that may improve liver injury recovery, in parallel to organ transplant indication, can decrease mortality rates \[[@B8], [@B9]\].

2. Transplantation {#sec2}
==================

The first human liver transplant (LT) was performed by Thomas Starzl in 1963 (Denver- USA) \[[@B10]\] and, since then, this remains the only efficient therapy for liver function recovery. Since then many strategies have been developed worldwide, such as surgical techniques, immunosuppressive agents, organ allocation, donor selection, infection prophylaxis, and the prevention of recurrent diseases \[[@B11]\]. As a result, survival after LT has increased significantly in recent years. Currently, the average survival is of about 90% in the first year after transplantation and 60% at 10 years \[[@B12]\]. The major problem regarding LT is the reduced number of available grafts. Because of this, organ transplant cannot be offered to most patients presenting acute disorders. Consequently, a high number of patients remain on waiting lists and do not undergo surgical procedures, contributing to the high mortality rates described previously \[[@B8], [@B13], [@B14]\].

Many strategies are currently being developed aiming to increase organ availability for LT \[[@B15], [@B16]\]. Such strategies involve living donor liver transplantation (LDLT), split liver transplantation (SLT), and domino liver transplantation (DLT) \[[@B11], [@B17]--[@B21]\].

3. Alternatives to Maximize the Number of Available Grafts {#sec3}
==========================================================

3.1. Living Donor Liver Transplantation {#sec3.1}
---------------------------------------

The first attempt at LDLT was performed in Brazil, by Raia and colleagues in 1989 \[[@B22]\]. This transplant was performed in a child, who did not survive the surgery. The attempt, however, established the technical viability of the procedure \[[@B11], [@B23]\]. The first successfully performed LDLT was conducted in 1990 in Australia by Strong and colleagues, using segments of the left lateral lobe as grafts \[[@B24], [@B25]\]. LDLT using liver fragment grafts from healthy living donors has emerged as a very important option for many patients, especially pediatric patients \[[@B23], [@B24]\]. Since the first liver transplants from living donors in the late 1980s, this transplantation technique has been used as a well-established tool in modern medicine transplants. Most liver transplants are performed from living donors, especially in Asian religious grounds. Liver grafts for adult patients consist mainly of the right lateral lobe and, for pediatric recipients, mainly the left lateral lobe of the liver donor \[[@B24], [@B25]\].

Strategies for conducting LDLT in children have evolved and the increasing success rate of this surgical procedure has led to a significant decrease in pediatric patient mortality on transplant waiting lists \[[@B17]\]. With the success of liver transplantation from living donors using the left lateral lobe as small grafts for pediatric patients, surgeons have extended this procedure for adult recipients. This method, previously limited by the graft size, became possible after performing the first LDLT using the right lateral lobe. The first LDLT for adult recipients was performed in Japan, in 1996 and, since then, liver grafting using the right lateral lobe has become the main type of LDLT graft \[[@B11], [@B25]\].

Living organ donors are better than brain-dead organ donors in many ways. The main advantage of living donation is that it optimizes the time for transplantation and patients with severe liver diseases are removed from waiting lists. In addition, the transplant procedure can be electively programmed, before the development of end-stage liver disease in transplant candidates, which would increase mortality risks. Preservation time is minimal in LDLT and, therefore, ischemic liver damage is significantly reduced. Living donors in general terms are healthy and the quality of the organ is usually higher. However, the most important fact is that living donor transplant increases the supply of organs for transplantation, allowing more people to be benefited \[[@B11], [@B17], [@B24]\].

The major disadvantage of LDLT is the risk of donor mortality and morbidity. Thus, perfectly healthy volunteer donors are exposed to possible damage related to the surgical procedure. The risk of death of a donor of a segment on the left side, or left lobe, is of approximately 0.1%, while the risk of a donor of a right lobe segment is estimated at approximately 0.4 to 0.5%. The morbidity of these procedures is significant and correlates directly with the extent of resection \[[@B24]\].

An LDLT is technically more complex than a whole organ transplant from a deceased donor. In the case of partial transplant grafts, there is an increase in biliary complications, as well as the incidence of small-for-size syndrome, in which the recipient does not get enough functional liver mass \[[@B26]\]. Many questions regarding the impact of liver regeneration and risks for the recipient are still unanswered. Liver regeneration, for example, may favor viral replication (particularly hepatitis C or tumor growth) \[[@B24], [@B25]\]. It is noteworthy that this procedure is considerably more expensive and the possibilities of surgical complications are greater than those of whole organ transplantation. It takes two highly experienced surgeon staffs, one to perform the donor procedure and the other, the recipient \[[@B25], [@B26]\]. However, in recent years, most of the problems related to the technical LDLT procedures, especially in adults, have been elucidated. As a result, morbidity and mortality associated with technical errors during this type of transplant have decreased \[[@B26]\].

3.2. Split Liver Transplant {#sec3.2}
---------------------------

Split liver transplant (SLT) was also developed as a strategy to increase liver graft supplies, by obtaining two grafts from a single deceased donor. This strategy is of great importance, especially for pediatric patients, also reducing mortality on waiting lists \[[@B18]\].

Pichlmayr and collaborators in Hannover-Germany first described this type of transplant in 1988. The first SLT procedures were unsuccessful, especially in adult recipients and this technique was abandoned in the 1990s \[[@B11]\]. However, with a better understanding of intrahepatic anatomy, adequate criteria for donor and recipient selection, and the introduction of the technical division of the organ*in situ*, SLT became more useful. This was possible probably due to the decreased time lapse that leads to ischemia and biliary complication among children and adult recipients. Thus, from the mid-1990s, many transplant centers around the world have began executing SLT programs \[[@B18], [@B27]\].

Usually, the liver is divided for an adult and a child and the use of grafts for the division between two adults is uncommon. The split procedure of the organ is usually as follows: the left lateral lobe of the segment is used as a graft for the pediatric patient and the right lateral lobe for the adult recipient \[[@B18]\].

SLT can be safely used with acceptable morbidity and mortality rates. Nesher et al., in 2011, evaluated 2.301 SLTs performed from January 1995 to December 2008. Patient survival rates at 1 and 5 years after SLT were 84% and 70%, respectively. Early or late mortality of this type of transplant for these patients was not related to expected technical problems due to the liver split, but caused by sepsis, cerebral edema, and acute and chronic rejection \[[@B27]\].

3.3. Domino Transplantation {#sec3.3}
---------------------------

Domino liver transplantation (DLT) is considered for patients presenting certain genetic or biochemical disorders that are currently treated by liver transplantation. Thus, patients with liver metabolic diseases receive a transplant; the explanted ill liver sometimes can be transplanted to another patient in situations whose livers remain structurally normal with preserved function and in which liver transplantation is expected to be curative \[[@B28]\]. DLT was originally proposed to compensate the limited availability of organs, using patients with Familial Amyloid Polyneuropathy (FAP) as donors. Hence, this procedure is currently responsible for over 16% of liver transplants performed in Portugal \[[@B20]\]. A DLT conducted using the liver of a FAP patient was first performed in October 1995 in Portugal, by Furtado et al., and is carried out most frequently in Portugal, Sweden, and Japan, where the disease incidence is higher \[[@B29], [@B30]\]. FAP is an autosomal dominant systemic disease characterized by a progressive sensory motor neuropathy. It is associated with vegetative dysfunction and cardiomyopathy with a transthyretin (TTR) mutation of the TTR gene and usually occurs in adults during the third decade of life. TTR mutants are responsible for destabilizing the native tetrameric structure of TTR, leading to toxic extracellular deposition of amyloid fibrils, especially in the peripheral nervous system \[[@B20], [@B30]\]. The liver produces about 90% of TTR in the body. However, although these patients suffer a genetic alteration, liver function and normal morphology are maintained, except for mutant TTR production. In this case, the basic idea behind such grafts is the fact that it takes 20-30 years for the first symptoms to appear in patients receiving FAP liver grafts by domino transplantation \[[@B20], [@B31], [@B32]\]. Therefore, DLT recipients may benefit more from a donor with end-stage liver disease. In this type of sequential transplantation, FAP patient livers are not feasible for these patients; however, these livers may be transplanted into one or more patients with acute liver disease on waiting lists for orthotopic transplantation. FAP patients are both donor and recipient, since they depend on liver transplants from a deceased donor \[[@B20]\]. Although DLT is most frequently performed in donors presenting FAP, some studies have suggested the use of grafts from patients with a range of other metabolic disorders \[[@B33]--[@B35]\]. In some cases, DLT can be performed by transplanting the liver from patients with various metabolic disorders into elderly recipients, whose projected survival precludes prolonged waiting on the transplant list \[[@B33]\]. Golbus et al. in 2017 reported a DLT case using the liver of a 14-year-old boy with homozygous familial hypercholesterolemia (FH) transplanted into a 65-year-old man with primary sclerosing cholangitis and cirrhosis \[[@B33]\]. Another paper reported a first case of double domino liver transplantation in a 32-year-old woman who was diagnosed with FAP and liver dysfunction \[[@B34]\]. In this case, auxiliary DLT was conducted using a double domino graft from patients presenting different liver metabolic diseases. Moreover, domino liver grafts from patients with other liver metabolic disorders, such as maple syrup urine disease, are possible. In this disease, an autosomal recessive deficiency of branch chain *α*-ketoacid dehydrogenase (BCKAD) is observed in all tissues, an enzyme that metabolizes branch chain amino acids (valine, leucine, and isoleucine). In normal individuals, other tissues possess this enzyme. In these circumstances, a patient may receive a normal liver or normal hepatocytes, thus being cured. Diseases (or hepatocytes isolated from this organ) could be transplanted to another patient who will normally metabolize branch chain amino acids in other tissues presenting normal BCKAD activity. Other examples are methylmalonic acidemia \[[@B38]\], which can be used to supply the absence of cadaveric grafts. For rare metabolic liver diseases such as Acute Intermittent Porphyria (AIP), further reports and studies are required to establish DLT indication \[[@B30]\].

This procedure raises ethical and surgical issues. The most important ethical principle is the need to emphasize that the recipient can develop a genetic disease from the domino donor. At first, indicated recipients were those suffering from primary carcinoma, especially hepatocellular (HCC) and rare cholangiocarcinoma or secondary hepatic malignancies. Currently, these liver grafts are also transferred to patients with alcohol-related liver cirrhosis and viruses. It is noteworthy that this therapeutic procedure should be performed in patients with a shorter life expectancy than the time required to develop the symptoms of the domino donor disease (55-60 years) \[[@B30]\].

The main DLT drawback is the risk of metabolic liver disease transmission. Although with a low incidence, of about 3%, early manifestations of diseases were reported in DLT recipients \[[@B11]\]. Nevertheless, domino liver grafts are an adequate option for some recipients who might otherwise experience long wait times for liver transplantation, such as recipients with hepatocellular carcinoma \[[@B19]\].

3.4. Hepatocyte Transplantation {#sec3.4}
-------------------------------

Alternatives to liver transplantation include blood purification therapies such as plasmapheresis, hemodiafiltration, and bioartificial livers \[[@B39]\]. However, these methods are still unsatisfactory, for numerous reasons, such as high cost, development of anaphylactic reactions, and formation and deposition of immunocomplexes \[[@B39]--[@B44]\]. With the advent of cell therapy and tissue engineering, the treatment of several tissue injuries in degenerative pathologies and previously untreatable processes became possible (Risbud*et al.*, 2004). Thus, the concept of hepatocyte transplantation (HT) emerged, which may lead to recovery of spontaneous patient recovery, increasing patient survival rate while awaiting donation. This would be very important, in view of the limitations of artificial liver function support methods currently applied. Studies approaching cellular therapies for liver diseases using animal models highlight the notable regenerative capacity of hepatocytes*in vivo*. Therefore, the transplantation of these cells plays an important role as a therapeutic innovation, leading to major advances regarding new perspectives in the treatment of liver diseases \[[@B9], [@B45], [@B46]\]. Cell transplantation may be advantageous compared to surgical procedures, since this is a less invasive procedure and can be repeated in sequential transplantations, with no need for chronic immunosuppression, and transplants can be performed in more than one recipient from a single donor \[[@B48], [@B15], [@B46], [@B47]\]. Published data reported the successful application of allogeneic hepatocytes transplants for inherited metabolic liver disease ([Table 1](#tab1){ref-type="table"}) and ALF ([Table 2](#tab2){ref-type="table"}). The main indications for hepatocyte transplantation treatment are (1) inherited metabolic diseases, such as Crigler-Najjar disease (CND); Glycogen storage disease 1a and 1b (GSD); ornithine transcarbamylase deficiency (OTD); familial hypercholesterolemia; progressive familial intrahepatic cholestasis (PFIC) and (2) ALF \[[@B49], [@B50]\].

The aim of hepatocyte transplantation in patients presenting metabolic disorders is to restore hepatic functions without replacing the entire organ. However, the number of cells necessary for correcting a deficit is unknown. For example, in patients suffering from Crigler-Najjar syndrome, approximately 12% of the liver mass is necessary \[[@B51]\]. However, fewer cells can produce an effect on other congenital disorders, such as OTD or GSD1a \[[@B52]\]. To be successfully performed, a minimal number of cells must be used for tissue engineering by hepatocyte transplantation. As the liver corresponds to approximately 2.8% of the total body weight, the organ from a 70-kg individual weights about 1.5 kg. The minimum liver mass required for patient survival has been asserted as about 10--30% of the total organ or 200--600 g. Considering 120 million human hepatocytes/gram of tissue, a minimum of 2.5--7.5 billion cells would be required for a clinical therapeutic treatment \[[@B52]\]. Nevertheless, major challenges for the wide clinical application of hepatocyte therapy include availability, metabolic integrity, and sufficient amount of cells for transplantation \[[@B53], [@B15], [@B46], [@B47], [@B50]\].

Many hepatocytes animal sources have been proposed and investigated as alternatives to human hepatocytes, including human tumor cell lines, immortalized hepatocytes from pig livers, and hepatocytes from transgenic pigs \[[@B52]\]. Each of these sources presents disadvantages for clinical use, such as the risk of disease transmission, neoplastic transformation, and animal sample biocompatibility. Ideally, primary hepatocytes isolated from human livers would be the best source of liver tissue for cell therapy, given the limitations of the cell sources mentioned above. However, the development of a standardized hepatocyte isolation to ensure adequate performance, viability, and functionality is necessary, as well as adequate conservation and storage of these cells after isolation \[[@B15]\]. Transplanted cells are generally no longer observed after 6--9 months and it is not clear if this is due to rejection, apoptosis, or other causes. The single most important obstacle for hepatocytes transplantations is the limited availability of hepatocytes, which has encouraged more investigations on alternative cell sources \[[@B49]\].

3.5. Systemizing a New Concept: Domino Hepatocyte Transplantation (DHT) {#sec3.5}
-----------------------------------------------------------------------

Domino transplantation is one of the strategies currently performed to supply LT grafts, mainly using unviable organs for certain individuals, such as FAP patients. In this sequential transplantation process, positive FAP grafts are functionally and morphologically normal, which enables their use as explants for patients with IHA and inherited metabolic liver diseases \[[@B20], [@B31], [@B37], [@B54]\]. This additional source of cells and strategic approach, associated with the suitable results of human hepatocyte transplantation, are considered a complementary therapeutic strategy to organ transplantation \[[@B56], [@B55]\], the domino hepatocyte transplantation (DHT) ([Figure 1](#fig1){ref-type="fig"}). Thus, unviable organs for transplantation would become sources of viable hepatocytes for transplantation. These hepatocytes could be transplanted into more than one patient presenting IHA or hepatic congenital metabolic disorders. Each year, a large number of cadaverous donor livers for transplantation are rejected. The reasons include high-grade steatosis, nonviral cirrhosis, and death due to heart failure \[[@B49], [@B57]\]. Moreover, patients with many types of metabolic liver diseases have morphologically and biochemically normal livers, except for the mutation that characterizes the metabolic disease \[[@B16], [@B49]\]. Baccarani*et al*. demonstrated that hepatocytes isolated from livers with nonviral cirrhosis, macrosteatosis, and normal livers have comparable metabolic functions when maintained in culture. Furthermore, microscopic analyses revealed normal cell morphology. In another study published by Gramignoli*et al.,* 2013, hepatocytes were isolated from explants of normal livers and livers presenting various types of inherited metabolic diseases. This group demonstrated, by using liver function assays, such as drug and ammonia metabolism and conjugation, that the cells from most metabolic diseases cases were able to perform these functions as well as, or better than, cells from normal donors. Thus, hepatocytes from a Crigler-Najjar explant could be expected to metabolize ammonia normally if transplanted to an OTD patient, for example, \[[@B16]\].

Hepatocyte transplantation is performed with the purpose of repopulating or replacing only a small portion of the total liver mass. Thus, the domino hepatocyte transplant could present significant advantages against the domino transplant of the whole organ. Since only a small percentage of transplanted cells present a mutation of a certain metabolic disease, this small population might not be enough for the development of the congenital disease in the recipient subject. If positive PAF receptor grafts and other inherited metabolic diseases take about 20-30 years until the onset of symptoms of the disease \[[@B20]\], DHT could represent an increment of this timeframe, or even the possibility of maintaining asymptomatic patients. Nevertheless, it is still too early to know the true proportion of domino recipients who will develop the disease, but a relatively large number of patients are soon to reach to develop the symptoms, 7 to 9 years after domino transplantation \[[@B19]\].

Cell therapy success is directly associated with the development of an efficient cryopreservation technique, capable of supplying a sufficient amount of viable and metabolically functional cells to hepatocyte cell banks for emergency transplantations or programmed transplantations for a high number of patients with diseases liver \[[@B9], [@B58], [@B59]\]. According to the hepatocyte infusion data displayed in Tables [1](#tab1){ref-type="table"} and [2](#tab2){ref-type="table"}, about 10^9^ cells are required for cell therapy. Since the data are promising, especially in cases of metabolic diseases, and cryopreservation is essential for establishing cell transplant techniques, organs rejected for transplants can save the lives of patients who currently die on liver transplantation waiting lists. Such an organ cell pool may be stored in liver cell banks available for emergency or programmed DHT.
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![Each year a large number of livers from cadaverous donors are rejected for transplantation. The causes include a high degree of steatosis, no heart beating, and nonviral cirrhosis. These organs rejected for orthotopic transplantation have been object of studies and sources of great importance for obtaining liver cells for cell transplantation. The hepatocyte isolation with quality from these organs associated with cryopreservation technique will allow the development of a bank of liver cells that are available for the treatment of a large number of patients with ALF.](CJGH2018-2593745.001){#fig1}

###### 

Human hepatocyte transplantation: clinical studies in patients with metabolic liver disease.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Disease**                                 **Patient Age**                                                                                         **Number of viable cells transplanted**   **Type of cell transplanted**                                   **Outcome**                                                                                                         **Study/Ref**
  ------------------------------------------- ------------------------------------------------------------------------------------------------------- ----------------------------------------- --------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------- ---------------
                                              8 years                                                                                                 7.5x10^9^                                 F/C                                                             40% decrease bilirubin up to 6 months; OLT at 20 months                                                             \[[@B60]\]

  9 years                                     7.5x10^9^                                                                                               F                                         32% decrease in bilirubin for a few weeks; OLT after 5 months   \[[@B61]\]                                                                                                          

  18 months                                   4.3x10^9^                                                                                               C                                         40% decrease in bilirubin to 7 months; OLT at 8 months          \[[@B62]\]                                                                                                          

  8 years                                     1.4x10^9^                                                                                               F                                         30% decrease in bilirubin; OLT after 11 months                  \[[@B63]\]                                                                                                          

  1 year                                      2.6x10^9^                                                                                               F/C                                       25% decrease in bilirubin at 4 months; OLT after 4 months       \[[@B58]\]                                                                                                          

  9 years                                     6.1x10^9^                                                                                               F/C                                       35% decrease in bilirubin at 6 months; OLT waiting list                                                                                                                             

                                                                                                                                                                                                                                                                                                                                                                                    

  **Glycogen storage disease type I (GSD)**   18 years                                                                                                6.0x10^9^                                 F/C                                                             Improvement in glucose control, normal enzyme\                                                                      \[[@B64]\]
                                                                                                                                                                                                                                                                levels on biopsy                                                                                                    

  47 years                                    2.0x10^9^                                                                                               F                                         Better fasting time, decrease in triglycerides\                 \[[@B65]\]                                                                                                          
                                                                                                                                                                                                up to 18 months                                                                                                                                                                     

                                                                                                                                                                                                                                                                                                                                                                                    

  **Infantile Refsum\'s disease**             4 years                                                                                                 2.0x10^9^                                 F/C                                                             40% decrease pipecholic acid after 18 months                                                                        \[[@B66]\]

                                                                                                                                                                                                                                                                                                                                                                                    

  **Familial hyper-cholesterolemia**          Five patients between 7 and 41 years                                                                    1.1x10^9  ^                               F                                                               20% decrease in cholesterol, LDL, ApoB to 28 month;                                                                 \[[@B67]\]

  1.3x10^9  ^                                 No effect;                                                                                                                                                                                                                                                                                                                            

  1.0x10^9  ^                                 6% decrease in\                                                                                                                                                                                                                                                                                                                       
                                              cholesterol, LDL, ApoB to 19 months;                                                                                                                                                                                                                                                                                                  

  3.2x10^9  ^                                 Minor effect                                                                                                                                                                                                                                                                                                                          

  1.5x10^9^                                   20% decrease in cholesterol up to 7 months                                                                                                                                                                                                                                                                                            

                                                                                                                                                                                                                                                                                                                                                                                    

  **Urea cycle defects**                                                                                                                                                                                                                                                                                                                                                            

                                                                                                                                                                                                                                                                                                                                                                                    

  OTC                                         5 years                                                                                                 1.0x10^9^                                 F                                                               Decreased ammonia initially; Died 42 days later                                                                     \[[@B48]\]

                                                                                                                                                                                                                                                                                                                                                                                    

  OTC                                         10 hours                                                                                                9.0x10^9^                                 F/C                                                             Decrease ammonia; increased protein tolerance for a short period; OLT at 6 months                                   \[[@B68]\]

                                                                                                                                                                                                                                                                                                                                                                                    

  OTC                                         2 dias                                                                                                  1.9x10^9^                                 F/C                                                             Decreased ammonia; auxiliary transplant at 6 months                                                                 \[[@B69]\]

                                                                                                                                                                                                                                                                                                                                                                                    

  OTC                                         14 months                                                                                               2.4x10^9^                                 C                                                               Decreased ammonia; increased urea; psychomotor improvement; OLT after 6 months                                      \[[@B59]\]

                                                                                                                                                                                                                                                                                                                                                                                    

  OTC                                         1 day                                                                                                   1.6x10^9^                                 F/C                                                             Decreased ammonia; increased urea under normal diet; partial orthotopic liver transplantation (apolt) at 7 months   \[[@B70]\]

                                                                                                                                                                                                                                                                                                                                                                                    

  OTC                                         10 weeks\                                                                                               3.0x10^9^                                 F                                                               Some stabilization                                                                                                  \[[@B71]\]
                                              3 years                                                                                                                                                                                                                                                                                                                               

                                                                                                                                                                                                                                                                                                                                                                                    

  OTC                                         6 hours                                                                                                 0.6x10^9*∗*^                              C                                                               Decreased ammonia; increased urea; normal urinary orotic acid excretion. Death at 4 months                          \[[@B72]\]

  9 days                                      Decreased ammonia; increased protein intake, urinary orotic acid normal at 6 months. OLT waiting list                                                                                                                                                                                                                                 

                                                                                                                                                                                                                                                                                                                                                                                    

  **Citrullinemia**                           36 months                                                                                               1.5x10^9*∗*^                              C                                                               Normal ammonia; 40% increase in urea                                                                                \[[@B72]\]

                                                                                                                                                                                                                                                                                                                                                                                    

  **Factor VII deficiency**                   3 months\                                                                                               1.1x10^9  ^                               C                                                               70% decrease in recombinant factor VII for 6 months; OLT after 7 months                                             \[[@B73]\]
                                              35 months                                                                                                                                                                                                                                                                                                                             

  2.2X10^9^                                   F/C                                                                                                                                                                                                                                                                                                                                   

                                                                                                                                                                                                                                                                                                                                                                                    

  **Phenylketonuria**                         6 years                                                                                                 Two infusions for a total of\             F                                                               blood phenylalanine levels returned within the therapeutic target while the phenylalanine\                          \[[@B74]\]
                                                                                                                                                      630 × 10^6^ cells                                                                                         half-life assessed by loading tests decreased from 43 to 19 h.                                                      
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### 

Human hepatocyte transplantation for patients with acute liver failure.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Indication**                          **Patient Age**                        **Number of viable cells transplanted**          **Outcome**                                                                                    **Study/Ref**
  --------------------------------------- -------------------------------------- ------------------------------------------------ ---------------------------------------------------------------------------------------------- ---------------
  **Drug-induced acute liver failure**    27 years                               2.8x10^7^                                        OLT after 10 days                                                                              \[[@B48]\]

  26 years                                2.8x10^7^                              OLT after 2 days                                 \[[@B53]\]                                                                                     

  32 years                                1.3x10^9^                              Death on day 14                                  \[[@B75]\]                                                                                     

  35 years                                1.0x10^10^                             Death on day 20                                                                                                                                 

  55 years                                3.9x10^10^                             Death in 6 hours                                                                                                                                

  27 years                                3.0x10^7^                              OLT on day 10                                    \[[@B76]\]                                                                                     

  26 years                                1.2x10^9^                              OLT on day 2                                                                                                                                    

  21 years                                9.4x10^8^                              Death on day 1                                                                                                                                  

  35 years                                5.4x10^9^                              Death on day 18                                                                                                                                 

  35 years                                3.7x10^9^                              Full recovered after\                                                                                                                           
                                                                                 OLT                                                                                                                                             

  51 years                                3.9x10^9^                              OLT on day 3                                                                                                                                    

                                                                                                                                                                                                                                 

  **Viral-induced acute liver failure**   28 years                               1.9x10^7^                                        OLT on day 3                                                                                   \[[@B48]\]

  28 years                                1.7x10^8^                              OLT on day 3                                     \[[@B53]\]                                                                                     

  37 years                                1.2x10^8^                              Death on day 5                                                                                                                                  

  43 years                                7.3x10^8^                              OLT on day 1                                                                                                                                    

  37 years                                8.8x10^8^                              Full recovered no OLT                            \[[@B77]\]                                                                                     

  29 years                                1.0x10^10^                             Death in 18 hours                                \[[@B75]\]                                                                                     

  65 years                                3.0x10^10^                             Death on day 52                                                                                                                                 

  4 years                                 3.4x10^9^                              Death on day 2                                   \[[@B76]\]                                                                                     

  54 years                                6.6x10^9^                              Death on day 7                                                                                                                                  

                                                                                                                                                                                                                                 

  **Idiopathic acute liver failure**      3.5 months                             1.8x10^10^                                       OLT on day 1                                                                                   \[[@B76]\]

                                                                                                                                                                                                                                 

  **Retransplantation**                   42 years\                              2,209 × 10^6^ hepatocytes given in 4 infusions   death on day 10\                                                                               \[[@B56]\]
                                          49 years                                                                                alive, liver retransplantation on day 6                                                        

                                                                                                                                                                                                                                 

  **Acute-on-chronic liver failure**      7 patients with mean age, 35.7 years   (4.2 - 6.0) x 10^6^                              3 patients fully recovered\                                                                    \[[@B78]\]
                                                                                                                                  from liver failure, 1 survived and subsequently underwent OLT, and the remaining 3 patients\   
                                                                                                                                  died between 2.5 and 12 months hepatocyte transplantation                                      
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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